Context: Late-term pregnancy may lead to maternal and neonatal morbidity and mortality. Mice null for the progesterone receptor co-regulator Krüppel-like Factor 9 (KLF9) exhibit delayed parturition and increased incidence of neonatal deaths.
layed functional withdrawal of P 4 signaling, respectively, leads to preterm or late/post-term pregnancies (3, 4) that have adverse effects on the wellbeing of the mother and her child (5, 6) . Preterm birth (prior to 37 wk of pregnancy) affects nearly 1 of 8 infants born in the United States (www.cdc.gov). Further, preterm-related deaths account for approximately 35% of all infant deaths, and preterm infants who survived through childhood are often plagued with long-term physical and neurological disabilities including increased incidence of autism (7) . Post-term births (Ͼ41 wk), although less prevalent than preterm births, have similar significant economic, emotional, and physical costs. Antepartum stillbirths account for more perinatal deaths than either complications of prematurity or sudden infant syndrome (3, 5, 6) . Neurologic complications are also highly associated with post-term pregnancy (8) . Thus, understanding the complex mechanisms responsible for on-time labor has major consequences to population health in the United States and globally.
Progesterone responsiveness in target tissues is mediated by two major progesterone receptor (PGR) isoforms, PGR-A and PGR-B and various nuclear coregulators (9, 10) . Ligand-bound PGR-B is the principal mediator of uterine myometrial quiescence. In humans, an increase in myometrial PGR-A to PGR-B ratio at term coincident with maintenance of high P 4 levels initiates functional withdrawal of PGR-B action, resulting in the activation of estrogen receptor signaling and leading to induction of contraction-associated (oxytocin receptor [OXTR] , gap junction alpha 1 [GJAI] ) and nuclear factor B (NF-B) -mediated inflammatory cytokine/chemokine expression (4, 11, 12) . The mechanism(s) responsible for the increase in PGR-A relative to PGR-B near term is not well-understood; nevertheless, in vitro evidence supporting PGR-A inhibition of PGR-B action (13) as well as the presence of distinct PGR-A vs PGR-B coregulators (9, 10) may contribute to predominance of PGR-A sensitivity and hence, action near term. In this regard, several corepressors of PGR-B signaling that target P 4 -sensitive contraction-associated genes have been described (14, 15) .
Our group has previously identified the transcription factor Krüppel-like factor 9 (KLF9) as a PGR coregulator relevant to uterine biology and pathology (16 -21) . In vitro evidence suggested that in uterine endometrial cells, KLF9 selectively enhanced PGR-B-mediated transactivation (22, 23) . Moreover, Klf9 null mutant mice exhibit delayed parturition, due in part to lower myometrial PGR-A levels, when compared with Klf9 wild type mice near term (24) . Although KLF9 expression in the human endometrium has been previously demonstrated (19, 21) , a systematic investigation of KLF9 expression in human myometrium under normal or pathological contexts is lacking. In the present study, we determined KLF9 expression in myometrium of women with term (Ͼ37 to Յ41 wk) and late-term (Ͼ41 wk) pregnancies and examined potential association between its expression and those of parturition-associated genes.
Materials and Methods

Study population and tissue collection
The case-study research design to explore the association between myometrial KLF9 expression and term pregnancy was approved by the Institutional Review Board of the Crozer-Chester Medical Center (Upland, Pennsylvania) and women signed informed consent to participate. Subject demographic data for women with term (Ͼ37 to Յ41 wk; n ϭ 8) and late-term (Ͼ41 wk; n ϭ 5) pregnancies are presented in Supplemental Table 1 ; there were no exclusion criteria except for age less than 17 years old. Term pregnancy patients presented to the Labor and Delivery Unit with spontaneous active labor, whereas late-term pregnancy patients were either in or were induced to active labor. All underwent elective cesarean surgery with obstetric indications (eg, arrest of labor progress, nonreassuring fetal heart rate, breech in active labor) and/or declined the option of vaginal birth after prior history of cesarean delivery. Biopsies (1 cm 3 ) were obtained from the upper edge of uterine incisions (at the lower uterine segment) after delivery. Samples were snap-frozen in liquid nitrogen for subsequent analyses (below).
Western blot analyses
Nuclear and cytoplasmic proteins from isolated myometrial biopsies were prepared using NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce Biotechnology) and resolved by SDS-PAGE. Proteins were incubated with rabbit polyclonal antirat KLF9 (16) , mouse monoclonal antihuman PGR (PGR-1294; Dako), and rabbit polyclonal antimouse estrogen receptor ␣ (ER␣) (MC-20; Santa Cruz Biotechnology) antibodies. The anti-KLF9 and anti-ER␣ antibodies were previously shown to recognize corresponding human and mouse proteins (19, 20, 25) . Protein-antibody complexes were detected as described previously (18) . Membranes were reprobed with rabbit antihuman Lamin A antibody (Sigma-Aldrich) as normalizing control.
Immunohistochemistry
Paraffin-embedded human myometrial samples were serially sectioned, dewaxed with xylene, and rehydrated through a graded alcohol series as previously described (18) . Antigen unmasking was performed by boiling the sections in Citra Plus (Biogenex) for 30 minutes. After cooling to room temperature, sections were treated with 3% hydrogen peroxide to quench endogenous peroxidase activity and incubated in blocking solution with IgG (Vectastain ABC Kit, Vector Laboratories) for 1 hour. Sections were then incubated overnight at 4°C with rabbit polyclonal antimouse ER␣ antibody (MC-20; Santa Cruz Biotechnology) at 1:100 dilution or mouse monoclonal antihuman PGR antibody (PGR-1294; Dako) at 1:50 dilution. Following incubation with antirabbit or antimouse secondary antibodies (Vectastain ABC Kit) for 30 minutes, sections were stained with 3,3Ј-diaminobenzidine tetra-hydrochloride (Dako) and counterstained with hematoxylin. Control sections were processed sim- 
RNA isolation and analyses
Total RNA was isolated from tissues or cells using TRIzol (Invitrogen) following the manufacturer's instructions. RNA (1 g) was reverse-transcribed to cDNA using iScript cDNA synthesis kit (Bio-Rad Laboratories) and used for SYBR green-based real-time PCR (18) . Primer sequences and amplicon sizes are provided in Supplemental Table 2 . Transcript levels were normalized to corresponding levels of 18S and were calibrated to a standard curve generated using pooled cDNA stocks.
Focused gene array analyses
Focused qPCR array (Human Cytokines and Chemokines PCR Array; QIAGEN) analyses followed protocols described by the manufacturer, using cDNAs prepared from total RNAs isolated from myometrial tissues of women with term (Ͼ37 to Յ41 wk) and late-term (Ͼ41 wk) pregnancies. The array profiles the expression of 84 known secreted proteins related to immune and inflammatory signaling (QIAGEN). RNAs pooled from samples of three (term) and two (late-term) women, respectively constituted one biological replicate and were hybridized to one array; two independent replicates (arrays) were evaluated per patient group. qPCR of cDNAs prepared from individual RNAs (n ϭ 5), each representing an individual subject, was used to confirm differential expression.
Cell culture treatments and RNA interference
The human uterine smooth muscle cell line was obtained from Lifeline Cell Technology. Cells were maintained and propagated following the company's protocol. Due to their limited life span (up to 15 passages), cells were used between passages 3-5 after receipt from the manufacturer and initial propagation. For the siRNA targeting experiments, cells were grown up to 70% confluence and treated with 17␤-estradiol (E 2 , 10nM [Sigma]) and progestin (medroxyprogesterone acetate, P 4 ; 1M [Sigma]) in regular growth medium. After 48 hours, cells were transfected with siRNAs targeting human KLF9 (siGeNOME SMART pool) or nontargeting (siCONTROL) siRNAs (Dharmacon) using Dharmafect reagent 4 (ThermoFisher Scientific) in regular growth medium. Twenty-four hours later, cells were treated with the progestin antagonist RU486 (mifepristone, 100nM [Sigma]) and incubated for an additional 24 hours. Collected cells were processed for RNA analyses.
Statistical analysis
Data (mean Ϯ SEM) were analyzed by two-tailed Student t test using SigmaStat 3.5 software (SPSS). P Յ .05 was considered significant.
Results
Altered PGR and KLF9 expression in myometrium of women with late-term pregnancy
To examine a potential contribution of KLF9 to human parturition, we evaluated myometrial biopsies obtained from women with gestational age of Ͼ37 to Յ41 weeks (n ϭ 8) and Ͼ41 weeks (n ϭ 5), respectively during elective cesarean delivery (Supplemental Table 1 ). Patients had comparable body mass index (BMI) ( Table 1) , did not statistically differ in mean age, were ethnically diverse (Supplemental Table 1 ), and presented with obstetric indications. The infant birth weights for women with lateterm pregnancies were higher (approaching significance at P ϭ .07) than those of women with term pregnancies (Table 1).
Myometrium of women with term pregnancies had lower protein levels of PGR-A, PGR-B and KLF9 but comparable ER␣ protein levels relative to those of women with late-term pregnancies (Figure 1, A and B) . Notably, the expression ratio of PGR-A to PGR-B was lower in those with prolonged pregnancy ( Figure 1C ). The significant reduction in total PGR expression, which was not observed for ER␣ (P ϭ .06) in late-term pregnancy myometrium was confirmed by immunohistochemistry ( Figure 1 , D and E).
Human myometrium at late-term pregnancy displayed normal expression levels of contractilityassociated and clock-related genes
To expand the repertoire of labor-related genes that may be linked with reduced myometrial KLF9 expression and delayed parturition, the expression of select contractility-associated genes (OXTR, GJA1, RXFP1, NR3C1), KLF9 family members (KLF4, KLF11, KLF13), and clock genes related to timing of labor (BMAL1, CRY1, CRY2, PER1, PER2) were evaluated by qPCR in myometrium of women with term vs late-term pregnancy. Only relaxin receptor protein 1 (RXFP1) and KLF11 transcript levels differed (P Ͻ .05) between the two groups ( Figure 2 , A and B).
Human myometrial cytokine/chemokine expression differed between term and late-term pregnancy
We used a Human Cytokine/Chemokine PCR Array to identify inflammatory mediators whose aberrant expression may be related to prolonged pregnancy. From a total of 84 known immune/inflammatory-related genes present in the Focused Array, six were up-regulated and 11 were down-regulated by at least 1.4-fold in late-term relative to term pregnancy myometrium (Table 2) . qPCR using in- dividual samples of the two patient groups demonstrated that transcript levels of CSF3, IL11, IL12A, and TGFB2 were up-regulated whereas those for CCL3, CCL5, CXCL1, CXCL5, and IL15 were down-regulated in late-term vs term pregnancy myometrium (Figure 3, A and B) . labor onset, we used a human uterine smooth muscle cell line to evaluate response of myometrial cells to progesterone withdrawal under conditions of reduced KLF9 expression, the latter achieved by KLF9 siRNA targeting. Subconfluent cells were treated with E 2 ϩ P 4 for 2 days to mimic pregnancy conditions and then transfected with nontargeting (control) or KLF9 siRNAs prior to treatment with RU486 ( Figure 4A ). By binding to PGR, RU486 initiates progesterone withdrawal and promotes inflammation, leading to parturition within 24 hours in vivo (26) . RU486-treated cells with a significant reduction in KLF9 transcript levels (by 80%) had elevated total PGR, PGR-B, and ER␣ transcript levels; no significant changes were noted for contractility-associated (OXTR, GJA1) and Glucocorticoid receptor (NR3C1) transcript levels ( Figure 4B ). RU486-treated cells with KLF9 loss-of-expression also manifested decreased transcript levels for the proinflammatory cytokines/chemokines CCL3, CXCL1, CXCL5 and IL6 ( Figure 4C ). By contrast, Prostaglandin F receptor (PTGFR) gene expression was increased, consistent with the decline in its myometrial expression with labor onset (27) .
Discussion
This study constitutes to our knowledge, the first report on transcription factor KLF9 expression in human myometrium of pregnancy and provides support for its potential role in regulating the timely onset of parturition in humans, as was previously demonstrated in Klf9 null mutant mice with delayed parturition (24) . Using myometrial biopsies isolated during cesarean delivery from women in active labor with normal (term) and delayed (late-term) pregnancy, we found that prolonged pregnancy is characterized by reduced myometrial KLF9 and total PGR protein levels and lower PGR-A/PGR-B isoform expression ratio. We showed that myometria of women with prolonged pregnancy, relative to those with term pregnancy, had decreased expression of the chemokines/cytokines CCL5, CCL3, CXCL1, and CXCL5, all of which were reported previously to be elevated in preterm relative to term-labor myometrium (28) and of IL15, an interferon ␥-induced protein produced by monocytes, which are implicated in labor onset (29) . Further, using RU486-treated human myometrial cells with siRNA-mediated KLF9 knock-down, we demonstrated that KLF9 can influence two requisite events for initiation of parturition, namely functional progesterone withdrawal and promotion of inflammatory status. Specifically, loss of KLF9 expression in myometrial cells in vitro led to an increase in total PGR, specifically in PGR-B transcript levels, and attenuated the expression of a subset of proinflammatory cytokines, in- cluding IL6, an essential determinant of on-time parturition in mice (30) . Our previous demonstration of reduced sensitivity of Klf9 null mice to RU486-induced parturition near term (24) is consistent with these results. These collective findings suggest that KLF9 is expressed in nearterm human myometrium; that a deficiency in KLF9 expression is associated with the pathology of delayed labor onset in women; and that the loss of induction of proinflammatory cytokine expression that drives inflammation for labor onset may be due in part to KLF9 loss. The present study raised the possibility that KLF9 may contribute to the timing of human parturition by maintaining higher PGR-A relative to PGR-B expression near term. Indeed, we found that whereas PGR-A and PGR-B protein levels were comparable in term myometrium, lateterm myometrium showed reductions in both isoforms, with the decrease greater for PGR-A than for PGR-B as reflected in the lower PGR-A-to-PGR-B protein ratio. The latter is consistent with reduced PGR-A protein levels in myometrium of Klf9 null relative to wild-type mice (24) and with the higher PGR-B transcript levels in RU486-treated human myometrial cells with KLF9 knock-down.
Another potential causative mechanism of KLF9 in the timing of parturition may occur through KLF9 regulation of the proinflammatory cytokine/chemokine CCL3, CXCL1, and CXCL5 gene expression, which we suggest are direct KLF9 targets based on the combined in vivo (using myometrial biopsies) and in vitro (siKLF9-targeted myometrial cells) experiments. In previous studies (18, 19) , we reported on a number of KLF9-regulated genes in human endometrial stromal cells. Interestingly, we found no overlap in stromal KLF9-regulated genes with those identified here for myometrial cells. Although the mechanistic underpinnings of KLF9 regulation of PGR isoform and of specific cytokine/chemokine expression were not addressed in the present study, the suggested relevance of KLF9 in the proposed regulatory network ( Figure 4C ) may provide new insights into the mechanisms of dysfunctional labor onset. Using a combination of targeted (qPCR) and discovery (Focused Array) approaches, we show here that myometria isolated during cesarean delivery from women with term and late-term pregnancies are characterized by distinct gene expression patterns. Although the expression levels of contractility and clock genes related to labor initiation did not differ between the two groups, those for a subset of inflammatory mediators were significantly altered. The increase in IL11, IL12A, and TGFB2 expression in late-term pregnancy myometria is consistent with reports that IL11 is a progesterone down-regulated cytokine (31); IL12A is associated with reduced risk of prematurity (32) and reductions in TGFB2 expression facilitate inflammation (33) . Similarly, the lower transcript levels for the chemokines CXCL1, CCL5, and CXCL5 in late-term pregnancy myometrium are supported by findings that CXCL1 is a direct target of progesterone (34) and that preterm labor is associated with elevated CCL5 and CXCL5 expression (28) . The lack of direct correlations among expression patterns of contractility, clock-related, and inflammatory genes suggests that the kinetics of parturition initiation in response to functional progesterone withdrawal may differ for labor-associated contractility genes and for proinflammatory genes. In this regard, myometrium-specific knockout of the clock gene Bmal1, which disrupted the timing of parturition in mutant mice, also showed no effect on uterine Oxtr and Gja1 expression (35) . The reduced expression of the myometrial relaxin receptor RXFP1 and conversely, the increased expression of colony stimulating factor 3 (CSF3, also designated as granulocyte-colony stimulating factor) in women with late-term vs term pregnancy are unexpected, given previous demonstration that progesterone withdrawal mediates the decrease of this receptor (36) and the suggested critical role of CSF3 in driving inflammation (37) . Thus, the numerous pathways orchestrating the timing of labor may not be interdependent.
A significant finding related to KLF9's function in the myometrium is the absence of parallel deregulated expression of KLF4 and KLF13 with delayed parturition. In a number of uterine pathologies such as endometriosis (19) and endometrial cancer (20) , the expression levels of these highly-related members are coincidentally reduced. We previously reported that KLF9 and KLF13 act as PGR coregulators (22, 23) and KLF4 has been shown to mediate PGR action in uterine endometrial cells (38) . Moreover, Klf13 null mice do not display the delayed parturition characteristic of Klf9 null mice (39) . These findings, coupled with the lack of shared KLF9-regulated genes in endometrial and myometrial compartments (above), suggest that distinct regulatory networks are used by KLF9 in these uterine cell types. Interestingly, family member KLF11 showed lower myometrial expression in late-term relative to term pregnancy; the latter is in agreement with the reported anti-inflammatory action of KLF11 in endothelial cells (40) . A linkage between KLF9 and KLF11 in the myometrium to regulate parturition is an intriguing possibility that we plan to address in future studies.
A recognized limitation of the present study is the relatively small patient numbers used in the analyses. Moreover, whereas the patient population showed no significant differences in BMI and age, five of eight women with term pregnancies are multiparous compared with none in women with late-term pregnancies. Nevertheless, the observed significant difference in KLF9 expression between the two groups, which was associated with well-acknowledged markers of timing of labor onset suggests the relevance of KLF9 to parturition biology and provides a rationale for its further evaluation involving a larger population.
In conclusion, our studies constitute the first report indicating the potential contribution of myometrial KLF9 to the timing of parturition. Aberrant myometrial expression of PGR isoforms and of proinflammatory mediators in women with late-term pregnancy may be linked to attenuated myometrial KLF9. Our studies raise the interesting possibility of enhancing myometrial KLF9 expression as a candidate strategy for parturition onset to reduce maternal and infant morbidity and mortality.
